Keywords: HVDC, inverter, voltage source converter (VSC), operating power limit, SCR As voltage source converters (VSCs) consist of self-commutated devices such as IGBTs (insulated gate turn-off bipolar transistors), they can operate in areas which lack rotating machines or do not have enough power in the rotating machines. Additionally, they control active powers and reactive powers independently and rapidly. A small scale HVDC system composed of voltage source converters (VSC-HVDC system) has been used world-wide to supply power to small islands, to get easy connection to wind power facilities or fuel cells, solar batteries, etc.. To extend applications of the VSC-HVDC system, it is important to note the operational characteristics and limitations. The stable operating power limits of a small scale HVDC system composed of voltage source converters (VSC-HVDC system) are analyzed with a simple model in this paper.
. VSC-HVDC transmission system model studied no rotating machines in the AC system. Figure 2 show that for the AC power system including rotating machines, the system must be somewhat large to get stable operation. As the SCR of the AC system becomes smaller, stable inverter operation of the VSC-HVDC becomes harder. The stable operating limits are between one and two times the SCR. If the inverter operates with lead reactive power (capacitive) controls, the stable operating limits become larger because AC voltages are stabilized. Due to the non-linearity of the VSC-HVDC system, the stable operating regions become a little bit large when the reactive power control of the inverter is −0.8 pu. Considering the VSC-HVDC system in emergency operation, the stable operating regions become much larger SCR than the SCR shown in Fig. 2 .
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The stable operating power limits of a small scale HVDC system composed of voltage source converters (VSC-HVDC system) are analyzed with a simple model. The VSC-HVDC system could operate where the AC system must be somewhat larger in capacity than the VSC-HVDC system capacity. The stable operating power limits were between one and two times the SCR (short circuit ratio). When the inverter of the VSC-HVDC system was operated with lead reactive (capacitive) power control conditions, the stable operating limits were increased through AC voltage stabilization. When the inverter was a STATCOM operation, it could operate regardless of the SCR but regions within allowable AC voltage variations.
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Inrtoduction
As voltage source converters (VSCs) consist of selfcommutated devices such as IGBTs (insulated gate turn-off bipolar transistors), they can operate in areas which lack rotating machines or do not have enough power in the rotating machines. Additionally, they control active powers and reactive powers independently and rapidly (1) . A small scale HVDC system composed of voltage source converters (VSC-HVDC system) has been used world-wide to supply power to small islands, to get easy connection to wind power facilities or fuel cells, solar batteries, etc. (2) . To extend applications of the VSC-HVDC system, it is important to note the operational characteristics and limitations. The stable operating power limits of a small scale HVDC system composed of voltage source converters (VSC-HVDC system) are analyzed with a simple model in this paper.
Configuration of VSC-HVDC Systems
The configuration of the VSC-HVDC system studied is shown in Fig. 1 and specifications are listed in Table 1 . Its converters consist of a four-stage, two-level voltage source converter along with pulse width modulation, having a total capacity of 14 MVA (10 MW for active power and 10 MVar for reactive power) and DC voltage of 20 kV. The control systems of the converters use conventional PQ vector control to control their active powers P and reactive powers Q independently. A rectifier controls the DC voltage to the rated values, while an inverter controls the DC power to the reference values while controlling Q a required value 
The active power vs. DC voltage characteristics of the VSC-HVDC system are shown in Fig. 3 . They are generally used to get a stable operating power transmission of the VSC-HVDC system. The operating point is the crossing point of two lines. The active power of the inverter is adjusted by changing the active power reference of the inverter Pref while keeping the DC voltage constant with the rectifier. A DC capacitor is not optimized in the paper and a larger DC capacitor is used to keep DC voltages stable.
Analysis of Stable Power Limits

Analysis Conditions
The VSC-HVDC transmission system model shown in Fig. 4 is used to analyze and evaluate stable operating limits. AC system and VSC-HVDC system including control systems shown in Table 1 , Fig. 4 and Fig. 2 are modeled precisely by EMTDC (5) . In the transmission system model, a constant DC voltage source is used in place of the rectifier. A constant AC voltage source and an equivalent reactance representing the SCR (short circuit ratio; the ratio of an AC system short circuit capacity to the inverter capacity are set for the AC system of the inverter side. The converter rated capacity of 14 MVA and the AC Fig. 4 . VSC-HVDC transmission system model studied Table 2 . Analysis cases and results (VSC-HVDC start-up of Pd=1.0 pu) system rated voltage of 66 kV are selected for the pu base value. Behavior analyses of VSC-HVDC system start-up operation with a step input are carried out for the SCR changing reactive powers of the inverter as a parameter.
The same analyses are done for STATCOM operation of the VSC-HVDC system, too (6) .
Analysis Results
(a) AC system linkage via an equivalent SCR impedance Table 2 summarizes analysis results for VSC-HVDC system start-up operation for a rated active power Pd =1.0 pu and Fig. 5 shows stable operating regions vs. SCRs of Table 2. Figure 6 shows four of the analysis waveforms when reactive powers of the inverter are controlled as −0.8 pu (capacitive). The waveforms show AC voltages, active and reactive powers and phase angle difference θ between the inverter output voltage Vi and the AC system voltage Vs. In the figure, the VSC-HVDC system reaches a stable operating point when the SCR is greater than 1.2, but it is oscillatory when SCR is 1.0. Although the inverter of the VSC-HVDC system can operate where there are no rotating machines in the AC system (2) , Table 2 and Fig. 5 show that for the AC power system including rotating machines, the system must be somewhat large to get stable operation. As the SCR of the AC system becomes smaller, stable inverter operation of the VSC-HVDC becomes harder. The stable operating limits are between one and two times the SCR. If the inverter operates with lead reactive power (capacitive) controls, the stable operating limits become larger because the line voltage drops become reverse for leading current flows and they keep the line AC voltages high. That makes easy to transmit powers. Due to the non-linearity of the VSC-HVDC system, the stable operating regions become a little bit large when the reactive power control of the inverter is −0.8 pu.
These results are investigated theoretically using a related equation of transmission powers and voltage phase angles. The equivalent circuit of the VSC-HVDC system is shown in Fig. 7 . The AC voltage source Vi presents the inverter output voltage of the VSC-HVDC system, Vs shows AC system voltage and X shows reactance of AC lines representing the SCR. Then the transmission power P can be described by the following equation.
whereθ is phase angle difference between AC system voltage and inverter output voltage. if θ exceeds 90 degrees, the VSC-HVDC system becomes unstable. If it is supposed that Vs=Vi=1 pu, and θ = 90
• , X must be less than 1 pu to transmit the active power P 0.71 pu (P = Pd/ √ 2 (pu) and DC transmission power Pd = 1.0 pu). This means the AC system short circuit capacity (a reciprocal of the reactance X) must be greater than 1. The simulation analysis results agree with the theoretically calculated results considering that the phase angle differenceθis generally much less than 90
• to get stable operations dynamically. Table 3 compares both calculated and measured inverter output voltages Vi. The former are calculated using equation (3), inserting measured θ while setting P=0.71 pu (Pd=1.0 pu), Vs=1 pu and X=1/SCR. The measured Vi values are good agreement with calculated ones when the SCR is greater than 1.2. So the analysis results are confirmed to be valid. (b) STATCOM operation Table 4 summarizes analysis results for STATCOM operation of the inverter in the VSC-HVDC system. The stable operating regions are limited by allowable voltage variations and are independent of the SCR of the AC system. The smaller the SCR of the AC system, the larger the voltage variation. Generally, the STATCOM can not operate with lag reactive (inductive) power control because of drops of AC voltages. Waveforms illustrate the inverter output voltage Vi (pu), the STATCOM current Iac (pu) and active power P (pu) and reactive power Q (pu) of the STATCOM. In Fig. 8(a) of Q = 1.0 pu, voltages, currents active powers and reactive powers of the STATCOM oscillate and become unstable because AC voltages drop beyond AC voltage limits for stable inverter operation of the STATCOM due to lagging currents. For example, the AC voltages for stable operating limits are considered as over 0.7 pu. Even in lagging currents, when the SCR becomes large, the AC voltage drops become small and the STATCOM can operate stably.
The operating limits of the STATCOM operation are investigated considering allowable AC voltage variations. An equivalent circuit of the VSC-HVDC system is shown in Fig. 9 . The AC voltage variation ∆V [pu] is nearly presented in the following equations neglecting line resistances:
Where ∆Q: reactive power variations of the inverter in pu, Vi: AC voltages of the inverter in pu, Vs: AC system voltages in pu, X: Equivalent of reactance of SCR in pu. Pu value is based on the capacity of the STATCOM. Table 5 lists calculation results of allowable ∆Q of the inverter against the SCR when the ∆Vs are ±0.05 pu and±0.1 pu. Because ±0.05 pu are a permissible value in AC system generally and ±0.1 pu is shown for reference. Where ∆Vs means AC line voltage drops due to the equivalent reactance of SCR. 
Conclusions
Stable operating power limits for the HVDC system composed of voltage source converters were analyzed and evaluated theoretically. The VSC-HVDC system could operate where the AC systems must be somewhat larger capacity than the VSC-HVDC system capacity. The stable operating power limits were between one and two times the SCR. When the inverter of the VSC-HVDC system operated with lead reactive power control conditions, the stable operating limits were increased through AC voltage stabilization. When the inverter was a STATCOM operation, it could operate regardless of the SCR within allowable limits of AC voltage variations.
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